ABSTRACT
INTRODUCTION

Much of the work in recent years
given velocity excursion than a phugoid mode excited at low speeds. To make matters worse, tight control of altitude becomes more important in hypersonic flight than in subsonic flight because of engine performance sensitivity to dynamic pressure. Thus, the current criteria and data collected on the phugoid mode may not be applicable for the supersonic and hypersonic speed regimes.
The height mode is a mode of motion that becomes more significant in hypersonic (and supersonic) flight than in subsonic flight. The height mode, not addressed by the military standard, is typically a first-order response resulting from thrust variation with density gradient or speed. A more detailed description of the phugoid and height mode characteristics has previously been given. 4
Berry addressed the issue of long-term dynamics 5 by examining the impact of the propulsion system on the phugoid and height mode dynamics of a hypersonic lifting vehicle developed by Etkin. 6 Berry discovered that airbreathing propulsion systems can produce flight regions of unstable height and phugoid modes. Berry thought that safe pilot control of these instabilities would have strong implications on redundancy management and backup systems required for the flight control system of hypersonic vehicles.
The flying qualities impact of these unstable modes was, however, beyond the scope of his work. interface was a conventional center stick and rudder pedal.
Theneedfor this dataled theNASADryden Flight
The appendix details the control system and linear equations of motion for the flight condition used in this study. Thepilotsevaluated phugoid modeinstabilities with time-to-double-amplitudes downto 1.7secandheight modeinstabilities downto 3.5sec, whichwereempiricallydetermined limitsof controllability for thisstudy. Similarlevelsof instabilitywerepreviously studied 12 using alarge supersonic transport model withanaperiodic phugoidtime-to-double-amplitude of 4.6 sec in the approach andlanding condition. Aftereach run,thepilot gaveCooper-Harper ratings 13( fig. 3) , comments, and estimations ofworkload. A timehistoryrecorded fromeachtestrunprovided information onpilotperformance. Pilotperformance was measured throughout the entiremaneuver as the rootmean-square (rms) variation fromtheinitialcondition of thekey parameters altitudeandairspeed. Pilot performance wasmeasured for onlythosetestrunswhere the pilotmaintained control. Thefollowing equation describes thesummary ofpilotperformance forallthepilotsateach instability: The Prms parameter provides a summary of the performance achieved across all the runs at a given instability. The obvious conclusion is that pilot workload and not pilot performance is the major influence on CooperHarper rating. This result implies that a pilot flying aircraft with these unstable modes can achieve an acceptable level of performance, but the workload required to achieve this level of performance increases dramatically with instability. In measuring the flying qualities impact of these modes, a measure of workload is necessary. Figures 11 and 12 show that the speed performance was more critical than the altitude performance. With phugoid roots greater than 0.3 rad/sec, the speed performance degraded, whereas the altitude performance remained flat.
Also, pilots achieved a lower percentage of altitude deviation than speed deviation across all instabilities. This lower percentage of altitude deviation may be influenced by the fact that equivalent airspeed is more difficult to control because it is a function of Mach and altitude.
The choice of desired airspeed performance of _+_5knots equivalent airspeed (18 lbs/ft 2 dynamic pressure) may also be an influence. Tight performance on speed was chosen because of the sensitivity of the propulsion systems to dynamic pressure andbecause tightcontrol of dynamic pressure is critical tothesuccess ofasingle-stage-to-orbit vehicle mission.
Analysis of Pilot Technique for Large Instabilities
In general, the data presented show that pilots can successfully control aircraft models with quite large phugoid and height mode instabilities. For example, phugoid instabilities with a time-to-double-amplitude of 1.7 sec were at times controllable, although the workload was very high.
Inherent to the design of air-breathing hypersonic vehicles is the shaping of the aft fuselage to act as a nozzle. This design creates significant coupling between the vertical and longitudinal axes when the thrust is modulated. At the end of region B, the pilot was confident control was retained and thus reduced the stick deflection off its limit. However, the vertical speed kept climbing positively and went unnoticed until approximately 160 sec, which is the beginning of region C. At this point, the pilot reversed the above procedure by reducing the stick deflection. Again, it was not enough to arrest the trend of the vertical speed, so the pilot applied a negative, sharp throttle increment. Unfortunately, the throttle input was too late and the pilot lost control.
Nevertheless, Figure  14 shows 
Effect of Control Power on Flying Qualities
Because the maximum lift coefficient was not exceeded, the inability to control vertical speed with full aft stick deflection ( fig. 14) implies the pilot ran out of control power. However, the pilot supplemented the control power with the coupling of thrust between the vertical and longitudinal axes. The success of this technique implies the pilot was not limited by the capacity to handle the large instabilities, but rather by the available control power. If this implication is true, increasing the control power would allow the pilot to fly aircraft models with even higher instabilities. ofstickdeflection and the vertical speed control power limit, which is the point where full reversed stick deflection just arrests the vertical speed. Decreasing the time-to-doubleamplitude reduces the reaction time necessary for the pilot to maintain controllability, thereby increasing the concentration and effort required of the pilot. Decreasing the control power available, which is equivalent to lowering the "control power limit" boundary ( fig. 16 ), has the same effect. Therefore, the relationship between the unstable phugoid mode and the control power available impacts the flying qualities of a hypersonic vehicle and may influence the control power requirements of the design.
Not only could this hypothesis explain why the Cooper-
Harper ratings were primarily a function of the workload rating, as discussed earlier; it also could explain the "clifflike" ratings. For low levels of instabilities, the bandwidth required is low enough not to influence the pilot ratings. As the instability increases, or as the control power decreases, the bandwidth required begins to approach the maximum available from the pilot-vehicle system, resulting in deteriorated ratings.
Tapping Method Evaluation
As stated earlier, the main objective of the tapping task was to measure the degree of PML, or workload, on the pilot as the instabilities increased. Since tapping was designed as a secondary task, no degradation in pilot ratings should occur in the main task because of tapping. Figures 17 and 18 Cooper-Harper rating 10- 
LATERAL-DIRECTIONAL EQUATIONS
Figure A-2 shows the lateral-directional block diagram. 
